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The hrf-1 gene from Lymantria dispar multiple nucleopolyhedrovirus (LdMNPV) prevents translation arrest and promotes Autographa
californica multiple nucleopolyhedrovirus (AcMNPV) replication in IPLB-Ld652Y cells (Ld652Y), a non-permissive L. dispar cell line.
There are no motifs in the predicted protein sequence to suggest how it might function and the only homolog identified is encoded by another
baculovirus, Orgyia pseudotsugata multiple nucleopolyhedrovirus (OpMNPV). In this study, we report a functional analysis of the hrf-1
protein. AcMNPV bearing carboxy- or amino-terminally truncation hrf-1, and hrf-1 mutated by two-amino acid insertions did not replicate
Ld652Y cells. Neither OpMNPV hrf-1 nor an OpMNPV/LdMNPV chimeric hrf-1 supported AcMNPV replication. Mutations in a highly
acidic domain of hrf-1, in which aspartic acid residues were replaced with alanine, had varied effects on hrf-1 function. They had no effect,
abolished hrf-1 function completely, or partially supported protein synthesis in infected Ld652Y cells. A slight increase in protein synthesis
was achieved by increasing the expression of hrf-1 acidic domain mutant proteins. Together, these results indicate a critical role for hrf-1
structure and suggest a functional role for the acidic domain.
D 2005 Elsevier Inc. All rights reserved.
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Autographa californica multiple nucleopolyhedrovirus
(AcMNPV) is the nucleopolyhedrosis virus type species
of the family Baculoviridae, large double-stranded DNA
viruses that infect insects (Blissard et al., 2000). It has a
bi-phasic lifecycle in which two morphologically distinct
forms of virus are produced, which play different roles in
the virus life cycle. An occluded form, in which the
enveloped rod-shaped nucleocapsids are protected from
the environment by proteinaceous polyhedrin inclusion
bodies (PIBs), spreads the virus between insect hosts.
Upon ingestion, PIBs initiate the primary infection in the0042-6822/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.virol.2004.12.001
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E-mail address: smthiem@msu.edu (S.M. Thiem).insect midgut. A budded form of the virus (BV) is shed
from infected cells and spreads the infection systemically.
In an infected cell, BV is produced early in the infection
cycle, whereas occluded virions are produced late in
infection.
AcMNPV does not infect the gypsy moth, Lymantria
dispar, although at least one L. dispar cell line is permissive
for AcMNPV replication (Lynn et al., 1988). The L. dispar
cell line IPLB-Ld652Y (Ld652Y) is semi-permissive for
AcMNPV replication (McClintock et al., 1986). All
temporal classes of viral genes are transcribed and viral
DNA is replicated, but translation of both viral and host
mRNAs is arrested between 12 and 16 h p.i. (Guzo et al.,
1992). When AcMNPV-infected Ld652Y cells are super-
infected with L. dispar multiple nucleopolyhedrovirus
(LdMNPV), the translation block is relieved and AcMNPV
virions are produced (McClintock and Dougherty, 1987).
Based on this observation, we isolated a single gene, hrf-1,
from LdMNPV that was sufficient to relieve the translation05) 602–613
M. Ikeda et al. / Virology 332 (2005) 602–613 603block in AcMNPV-infected Ld652Y cells and promote virus
replication (Thiem et al., 1996). Recombinant AcMNPV
bearing hrf-1, vAchrf-1, replicated in Ld652Y cells with
similar kinetics as AcMNPV infections in the permissive
cell lines Sf21 and Tn368 (Du and Thiem, 1997). Moreover,
vAchrf-1 polyhedral inclusion bodies were orally infectious
for L. dispar larvae, indicating that hrf-1 is a true host range
gene functioning both in cell culture and at the organismal
level to overcome blocks to AcMNPV infectivity (Chen et
al., 1998). A recent study showed that hrf-1 promoted the
replication of other NPVs in Ld652Y cells (Ishikawa et al.,
2004). Hyphantria cunea NPV (HycuNPV), Bombyx mori
NPV, and Spodoptera exigua MNPV, which replicate their
DNA but do not produce progeny virions in Ld652Y cells,
replicated in Ld652Y cells when hrf-1 was expressed during
infection. These results suggest that hrf-1 is an essential
factor commonly required for infection of Ld652Y cells by
NPVs to relieve a block late in infection. As in AcMNPV-
infected Ld652Y cells, the block for viral replication in
HycuNPV-infected Ld652Y cells manifested as global
translation arrest that was prevented by hrf-1.
The mechanisms by which hrf-1 prevents translation
arrest and expands AcMNPV host range remain obscure.
The 25.7-kDa conceptual protein encoded by hrf-1 has no
structural motifs that provide clues to its function. The only
notable features of the predicted hrf-1 protein are that it is
acidic (pH 4.61), and it has one highly acidic domain
comprising 11 acidic amino acid residues within a stretch
of 20 residues. The only hrf-1 homolog identified, to date,
is a 78-amino acid conceptual protein encoded by another
baculovirus, Orgyia pseudotsugata multiple nucleopolyhe-
drovirus (OpMNPV) (Ahrens et al., 1997). The OpMNPV
gene encodes a 9-kDa carboxyl-terminally truncated
protein that shares 32% identity and 77% similarity with
the amino terminus of hrf-1. In contrast to LdMNPV,
super-infecting AcMNPV-infected Ld652Y cells with
OpMNPV did not rescue AcMNPV infection. As a means
of understanding how hrf-1 rescues translation arrest in
AcMNPV-infected Ld652Y cells we undertook a functional
analysis of hrf-1.
In this report, we describe mutagenesis and analyses of
hrf-1 protein function. For these studies, we constructed a
series of recombinant AcMNPV bearing the genes for
epitope-tagged full-length hrf-1, truncated hrf-1, OpMNPV
hrf-1 (Ophrf-1), OpMNPV/LdMNPV chimeric hrf-1 (Op/
Ldhrf-1), and acidic domain-mutated hrf-1 proteins. The
recombinant AcMNPV were examined for their ability to
support AcMNPV replication in infected Ld652Y cells. We
found that truncating the hrf-1 protein or inserting addi-
tional codons abolished its ability to rescue AcMNPV-
replication in Ld652Y cells. Neither Ophrf-1 nor chimeric
Op/Ldhrf-1 supported AcMNPV replication in Ld652Y
cells. Mutations within the hrf-1 acidic domain reduced the
ability of hrf-1 to support AcMNPV replication, suggesting
that the acidic domain has a functional role in hrf-1
activity.Results
Adding an epitope tag to the amino terminus of hrf-1 does
not alter its function
In order to monitor hrf-1 expression, an influenza
hemagglutinin (HA)-epitope tag was inserted at the
amino-terminal end of hrf-1. HA-tagged hrf-1 was then
cloned into the transfer vector pAcUW2B (Weyer et al.,
1990) upstream of the polyhedrin gene (Fig. 1A). A
polyhedrin-positive recombinant virus, vAcHAhrf-1, was
generated by homologous recombination with AcMNPV
genomic DNA in Sf21 cells. Because AcMNPV is unable to
replicate in Ld652Y cells in the absence of hrf-1, the
functionality of vAcHAhrf-1 was evaluated by scoring for
virus replication in vAchrf-1-infected Ld652Y cells. The
recombinant vAcHAhrf-1 replicated with the same kinetics
as vAchrf-1 and produced polyhedra indicating that addition
of an epitope-tag did not alter hrf-1 function (Du and Thiem,
1997, and data not shown). Western blots were used to
analyze the expression of HAhrf-1 in Ld652Y and in Sf21
cells, a permissive cell line for AcMNPV replication (Fig.
2A). Hrf-1 was expressed in both cell lines beginning at 3 h
p.i., increased by 6 h p.i., and reached a peak at 12 h p.i. In
Sf21 cells similar levels of hrf-1 protein were observed at
12, 24, and 48 h p.i. In contrast, in Ld652Y cells, the levels
hrf-1 protein declined from 12 to 48 h p.i. To further
characterize the phenotype of vAcHAhrf-1, synthesis of
virus structural proteins, gp64 and p39, were compared
between AcMNPV- and vAcHAhrf-1-infected Ld652Y cells
(Fig. 2B). In AcMNPV-infected Ld652Y cells, p39 was not
expressed and gp64 was expressed at 6 h p.i., but protein
levels subsequently declined over time. In contrast, in
vAcHAhrf-1-infected Ld652Y cells gp64 was detected
throughout the time course, with highest levels at 12 h
p.i., and p39 was expressed beginning at 12 h p.i. and was
detected at high levels at 24, 48, and 72 h p.i. This is
consistent with previous results, comparing gp64 and p39
production in infected Ld652Y cells between AcMNPV and
vAcLdPS, a recombinant virus bearing hrf-1 and LdMNPV
the gp37 genes (Thiem et al., 1996). These results support
the idea that synthesis of the viral capsid protein, p39, can
serve as a marker for rescue of translation arrest in
AcMNPV-infected Ld652Y cells. Synthesis of gp64 indi-
cates the successful initiation of AcMNPV replication in
infected-Ld652Y cells.
Truncating hrf-1 at either the amino-terminus or the
carboxy-terminus abolishes its function
As a first step in analyzing functional domains of hrf-1,
recombinant AcMNPV bearing truncated hrf-1 were
constructed (Fig. 1B). Time course experiments were
performed in Sf21 and Ld652Y cells. Infected cells were
observed throughout the time course for the presence of
polyhedra. Polyhedra were not produced in Ld652Y cells
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of hrf-1, indicating that truncating hrf-1 abolished its
ability to rescue AcMNPV-infection in Ld652Y cells (data
not shown). In contrast, polyhedra were observed in Sf21
cells infected with each mutant virus, demonstrating that
viruses were not otherwise impaired. Synthesis of HAhrf-1
was analyzed in both Sf21 and Ld652Y cells by Westernblots. Representative examples, the least severely truncated
mutants, R3 (Primers: F1-R3) and F2 (Primers: F2-T7)
(Fig. 1B), are shown in Fig. 3A. Truncated hrf-1 proteins
were synthesized but the levels of truncated hrf-1 proteins
were reduced relative to that of full-length hrf-1, even in
infected Sf21 cells. This was especially notable for the hrf-
1 C-terminal deletion, R3. These results suggested that the
Fig. 2. HA-epitope tagged hrf-1 is expressed in recombinant AcMNPV-infected Sf21 and Ld652Y cells and supports AcMNPV-replication in Ld652Y cells.
(A) Western blots showing expression of HA-epitope tagged hrf-1 in recombinant AcMNPV-infected Sf21 and Ld652Y cells over time. Cells were harvested at
the times indicated above each lane and mock-infected cells were harvested at 48 h p.i. Lysates from equal numbers of cells were loaded at each time point and
blots were probed with monoclonal antibodies against the HA-epitope tag. (B) Western blots showing expression of AcMNPV structural proteins gp64 and p39
in Sf21 and Ld652Y cells infected with recombinant AcMNPV bearing HA-tagged hrf-1. Blots were probed with monoclonal antibodies against gp64 or p39.
Lysates from AcMNPV-infected Sf21 cells collected at 24 h p.i. were used as positive controls.
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maximal levels of truncated hrf-1 were observed earlier
than that of full-length hrf-1 in infected Ld652Y cells.
Full-length hrf-1 was expressed maximally at 12 h p.i. in
infected-Ld652Y cells, whereas levels of truncated hrf-1
peaked at 6 h p.i. and then declined (Fig. 2). Northern
blots were performed to determine if the reduction in hrf-1
protein was due to a reduction in hrf-1 mRNA. Truncated
R3 hrf-1 was transcribed at similar levels and temporal
manner as full-length hrf-1 (Fig. 3B). However, there was
a reduction in R3 mRNA relative to full-length HAhrf-1
by 24 h p.i. Truncated F2 mRNA was relatively more
abundant 6 h p.i. than full-length or R3-truncated hrf-1,ig. 1. Schematic showing HAhrf-1 construction. (A) An HA tag was inserted in frame at the amino terminus of hrf-1 in pBSLdPD by ligating annealed
ligonucleotides encoding the HA-epitope at a unique NcoI site spanning the hrf-1 initiator Met codon. The hrf-1 and HA coding sequences are represented by
pen boxes. The primer pairs were designed to regenerate a single NcoI site at the hrf-1 initiator Met codon. The HAhrf-1 constructs including the hrf-1
romoter, indicated by a line to the left of the box, were excised from the Bluescript plasmids by cleavage with XbaI and BglII and ligated into the AcMNPV
ansfer vector, pAcUW2B (Weyer et al., 1990), displacing the p10 promoter in the vector. The locations of relevant restriction sites are indicated. (B) C-terminal
rf-1 deletions were generated by replacing the C-terminal coding region of the HA-tagged hrf-1 gene in pBluescript, at a unique PinAI site, with truncated
ersions generated by PCR amplification. The forward primer (F1) spanned the PinAI site and the reverse primers (R1, R2, R3) encoded new BglII sites.
-terminal hrf-1 deletions were generated by replacing the N-terminal coding sequence of HAhrf-1 at the NcoI site with truncated versions generated by PCR
mplification. The forward primers (F2 and F3) encoded an NcoI site and the reverse primer (T7) was downstream of the hrf-1 coding sequence, allowing
mplification of the BglII site in the pBluescript multiple cloning site downstream of the hrf-1 translation stop codon. Insertion of the NcoI site with the F3 primer
esulted in a lysine to glycine mutation at hrf-1 AA-position 144 (K144G). The HA-epitope-tag is shown as a shaded box. The locations of primers are indicated
chematically as arrows. The ligation junctions for C-terminal PCR amplicons at the PinAI site are indicated by a line in the diagrams of the truncated proteins
enerated by each primer pair. The predicted sizes of the truncated proteins are indicated to the right of the schematic. The terminal or initial hrf-1 amino acid is
dicated in parentheses after and before the schematics of carboxy- and amino-terminal deletion constructs, respectively. (C) An HA-tagged Op/Ldhrf-1 chimera
as constructed by replacing sequence encoding the first 78 amino acids of Ldhrf-1 with the 78 amino acid coding sequence of Ophrf-1. DNA encoding Ophrf-1
ith NcoI and StuI restrictions sites spanning the initiator Met and terminal Arg codons, respectively, depicted as an open rectangle, was inserted into pHAhrf-1
t the NcoI site spanning the initiator Met codon and an introduced StuI site between codons 78 and 79 (Pro) as indicated by dashed lines. The primers used to
CR amplify Ophrf-1 and the mutagenic primer LdMutStuI used to insert a StuI site into pBSHAhrf are shown as arrows. The HA-tag is represented as a stippled
ox and the amino acids at the junction of Ophrf-1 and Ldhrf-1 noted in three-letter code. (D) To over-express hrf-1 mutants, the AcMNPV p6.9 promoter was
serted in front of HAhrf-1 coding sequences in tandem with the hrf-1 promoter. The p6.9 promoter sequence was PCR amplified using primers that introduced
n XbaI restriction site at the distal end and a PstI site at the proximal end. The amplified p6.9 promoter sequence is depicted as an open box and the positions of
e PCR primers as arrows, below. Insertion of the p6.9 promoters into pBSHAhrf-1 is illustrated with dashed lines that link the restriction sites used for
onstruction. The hrf-1 promoter is depicted as a line, the HA-tag as a stippled box, and the hrf-1 coding sequence as an open rectangle. Sequences and locationsF
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cof oligonucleotides used in constructions for PCR amplification and for mutagenebut also declined by 24 h p.i. (Fig. 3B). In both cases, hrf-
1 protein levels declined earlier than mRNA indicating a
translational rather than a transcriptional block was
responsible for the reduction in hrf-1 protein. Pulse-
labeling experiments were performed to directly examine
protein synthesis in Ld652Y cells infected with AcMNPV
bearing hrf-1 truncation mutants R3 and F2 (Fig. 3C).
Translation arrested in Ld652Y cells by 8–12 h p.i. in cells
infected with viruses bearing either the R3 or F2 truncated
hrf-1 in the same manner as Ld652Y cells infected with wt
AcMNPV (Fig. 3C, compare lanes b). Translation was not
arrested in mock-infected cells, whereas in vAchrf-1
infected cells protein synthesis did not arrest, globally,sis are shown in Table 2.
Fig. 3. Truncated hrf-1 is unable to rescue translation arrest in recombinant-
AcMNPV-infected Ld652Y cells. (A) Western blots showing expression of
R3- and F2-truncated hrf-1 in recombinant AcMNPV-infected Sf21 (Sf) and
Ld652Y (Ld) cells over time. Blots were probed with polyclonal antibodies
against the HA-epitope tag. The cell lines and times (p.i.) infected cells
were harvested are indicated to the left and at the top of the blots,
respectively. Arrows to the right of the blots indicate the position of hrf-1.
(B) Northern blot analysis of HAhrf-1, and R3- and F2-truncated hrf-1
transcription in infected Ld652Y cells. Total RNA, 10 Ag/lane, isolated at
the times p.i indicated above the panels, was resolved on 1.2% form-
aldehyde gels. Blots were probed with 32P-labeled HAhrf-1 DNA. Hrf-1
transcripts are indicated by arrows and estimated sizes in kb. (C)
Autoradiographs of isotopically-labeled proteins from Ld652Y cells
infected with AcMNPV-bearing truncated hrf-1. Mock- and virus-infected
cells were labeled at three time periods 0–4 (a), 8–12 (b), and 24–28 (c) h
p.i., as indicated above each lane. The infecting viruses, AcMNPV (Ac),
AcMNPV bearing full-length hrf-1 (vAchrf-1), AcMNPV bearing C-
terminal truncated hrf-1 R3 (R3), and AcMNPV bearing N-terminal
truncated hrf-1 F2 (F2) are indicated above the panels.
M. Ikeda et al. / Virology 332 (2005) 602–613606but was consistent with the preferential synthesis of viral
proteins.
Insertional mutation of hrf-1 abolishes its function
To further examine the hrf-1 structure/function relation-
ship, in frame serine-alanine pairs were inserted at various
intervals within the carboxyl-terminal region of the hrf-1
coding sequence (Fig. 4A). Three of the insertion mutations
disrupted predicted helical regions (Fig. 4A, labeled H). Inanother, In102, the insertion was adjacent to one of four
cysteine residues. Polyhedra were observed in Sf21 but not
Ld652Y cells infected with AcMNPV bearing any of these
mutated hrf-1 genes, indicating that each of these mutations
compromised the ability of hrf-1 to support AcMNPV
replication in Ld652Y cells (Table 1). Titration of infected
Ld652Y cell supernatants on Sf21 cells indicated that BV
was not produced confirming that insertion mutations
abolished the ability of hrf-1 to support AcMNPV repli-
cation in Ld652Y cells (Table 1).
To determine if mutant hrf-1 proteins were synthesized,
Sf21 and Ld652Y cells were infected with recombinant
viruses bearing genes encoding each of the mutated hrf-1
proteins. Protein production was examined at various times
p.i. by Western blot analysis (Fig. 4B). In contrast to full-
length hrf-1, except for mutation In162, mutant hrf-1
proteins did not accumulate over time in infected Sf21
cells, suggesting that inserting two amino acids destabilized
the hrf-1 protein. The only mutant that gave a strong signal
on Western blots of infected Ld652Y cells was the most
distal mutation at amino acid position 207. However,
polyhedra were not observed in Ld652Y cells infected with
this virus and BV was not produced (Table 1). This suggests
that the predicted helical structure in this region is important
for hrf-1 function. These results, together with the results for
truncation mutant R3 (Fig. 3C), which is truncated 19 amino
acids upstream of the In207 Ser-Ala insertion, indicate that
the carboxyl-terminus is critical for hrf-1 function. These
data do not distinguish whether this domain plays a specific
role in hrf-1 activity or if it is important for maintaining the
structure of the protein. Although the insertion of two amino
acids adjacent to the cysteine residue at position 102
abolished hrf-1 activity, mutation of a cysteine residue at
position 123 to alanine (Fig. 4A, arrow) reduced but did not
abolish the ability of hrf-1 to rescue translation arrest in
AcMNPV-infected Ld652Y cells (Fig. 4C). Together, these
data suggest a structural role for the cysteine residues.
Ophrf-1 does not support AcMNPV replication in Ld652Y
cells
OpMNPV encodes a 78-amino acid protein with homol-
ogy to the amino-terminal domain of the LdMNPV hrf-1
protein (Fig. 5A; Ahrens et al., 1997). We previously found
that super-infection of AcMNPV-infected Ld652Y cells
with OpMNPV did not rescue AcMNPV replication (Thiem
et al., 1996). To directly examine whether Ophrf-1 could
support AcMNPV replication in Ld652Y cells, we con-
structed a series of recombinant AcMNPV bearing either
Ophrf-1 or epitope-tagged Ophrf-1. The first constructs bore
Ophrf-1 or His-tagged OpHrf-1 expressed from the
AcMNPV IE-1 promoter. We also constructed recombinants
bearing an HA tagged Ophrf-1 controlled by the Ldhrf-1
promoter and by a hybrid AcMNPV p6.9/Ldhrf-1 promoter
used to increase production of hrf-1 acidic domain
mutations (see below). None of these constructs rescued
Fig. 4. Hrf-1 structure is important for stability and function. (A) Schematic
diagram showing the location of Alanine-Serine insertions and the location
of hrf-1 C123A mutation. Sites of insertion are indicated by inverted
triangles with insertion numbers (In) above indicating the position of the
Alanine residue in the hrf-1 primary sequence. Insertions disrupting
predicted helical regions are indicated with an bHQ above the insertion
numbers. The location of a cysteine to alanine mutation, at position 123, is
indicated by an arrow. (B) Hrf-1 insertion mutants are poorly expressed in
both Sf21 and Ld652Y cells. Western blots probed with HA-antibodies
showing the expression of mutant hrf-1 proteins in infected Sf21 and
Ld652Y cells over time. The cell lines and the times (p.i.) when infected
cells were harvested are indicated above and the mutations to the left the
panels. The positions of hrf-1 insertion mutant migration are marked with
arrows to the right of each panel. (C). Mutation of cysteine residue 123
restricts ability of hrf-1 to rescue translation. Western blots probed with
HA-antibodies showing the expression of HAhrf-1 C123A mutant protein
over time in infected Sf21 and Ld652Y cells and probed with p39-
antibodies showing the expression of p39 in Sf21 and Ld652Y cells
infected with AcMNPV bearing the gene for the HAhrf-1 C123A mutation.
The proteins are indicated to the left of the panels. Lysates from vAcHAhrf-
1-infected Sf21 cells harvested at 24 h p.i. were used as positive controls.
Table 1
Virus production in Ld652Y cells infected with AcMNPV bearing hrf-1
insertional mutants or chimeric Op/Ldhrf-1
hrf-1 mutation Polyhedra
production
Budded virus
productiona
none (vAchrf-1) + 9.7  106
In102  1.1  105
In137  2.9  104
In162  5.6  104
In183  1.8  105
In207  8.4  104
Op/Ldhrf-1  2.5  105
AcMNPV control
(no hrf-1)
 6.9  104
a Titers of BV collected 24 h pi and titrated on Sf21 cells.
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However, we were unable to detect the epitope-tagged
Ophrf-1 proteins on Western blots.
To further examine the function of Ophrf-1 and to
evaluate the importance of the amino-terminal sequences of
the LdMNPV hrf-1 protein, we constructed a virus bearing
an HA-tagged chimeric hrf-1 protein. The chimeric protein
was constructed by swapping the entire OpMNPV hrf-1
coding sequence with the coding sequence for the first 78
amino acids of LdMNPV hrf-1 (Fig. 1C). No polyhedra
were observed in Ld652Y cells infected with the recombi-
nant AcMNPV bearing the gene for the chimeric Op/Ldhrf-
1, nor was budded virus produced (Table 1), indicating that
the chimeric Op/Ldhrf-1 could not rescue AcMNPVreplication in Ld652Y cells. Western blots showed that the
Op/Ldhrf-1 fusion protein was synthesized in both Sf21 and
Ld652Y cells (Fig. 5B). Maximal accumulation of chimeric
Op/Ldhrf-1 protein was observed at 6 h p.i. in infected
Ld652Y cells (Fig. 5B, lane 3), whereas accumulation of
Ldhrf-1 was maximal at 12 h p.i. (Fig. 2A). However, p39
was not detected in Western blots of infected Ld652Y cells
probed with p39 antibodies (Fig. 5B, compare Sf and Ld,
lanes 11–13).
The acidic domain of hrf-1 appears to be important for hrf-1
function
The only notable feature of hrf-1 is a highly acidic
domain between amino acids 79 and 98, immediately
adjacent to the region with homology to Ophrf-1. To
determine if this domain was important for hrf-1 function,
we replaced one, two, or three aspartic acid residues
between residues 87 and 90 with alanine residues (Fig.
6A). Mutant hrf-1 proteins were expressed in Ld652Y cells
and showed altered migration on SDS-PAGE gels due to the
amino acid substitutions (Fig. 6B). A single amino acid
substitution at residue 87 had no apparent effect on hrf-1
function. Mutant hrf-1 and the AcMNPV structural proteins
gp64 and p39 were expressed in recombinant AcMNPV-
infected Ld652Y cells in the same temporal manner and at
similar levels as in vAcHAhrf-1-infected Ld652Y cells (Fig.
6C, lanes 2–7). However, when two aspartic acid residues,
D87 and D88, were replaced with alanine hrf-1 protein
abundance declined, gp64 was only expressed at early
times, and p39 expression was not detected (Fig. 6C, lanes
8–13). Similar results were observed when three aspartic
acid residues were replaced with alanine (Fig. 6C, lanes 14–
19). Thus, each of these mutations abolished the ability of
hrf-1 to rescue translation arrest. When a single aspartic
residue, D90, was replaced with alanine, p39 was synthe-
sized but at much lower levels than in cells infected with
AcMNPV bearing the D87A substitution (Fig. 6C compare
lanes 2–7 with lanes 20–25).
The abundance of mutant hrf-1 protein was dramatically
reduced in cells infected with viruses bearing mutants D87-
Fig. 5. Ophrf-1 is not functionally equivalent to the amino-terminus of Ldhrf-1. (A) Alignment of Ophrf-1 with first 78 amino acids of Ldhrf-1 with connecting
lines indicating identical amino acids. The position of an alanine to aspartic acid residue substitution in Ldhrf-1 at amino acid 71 is marked with a diamond. (B)
An OpMNPV/LdMNPV chimeric hrf-1 does not rescue AcMNPV replication in Ld652Y cells. Western blots probed with HA-antibodies showing expression
of the HA-tagged chimeric hrf-1 protein, Op/Ldhrf-1 or probed with p39-antibodies showing expression of p39 capsid protein in Sf21 (Sf) and Ld652Y (Ld)
cells infected with AcMNPV bearing the gene for HA-tagged Op/Ldhrf-1. The cell lines are indicated to the right of the panels, the times (p.i.) when infected
cells were harvested and the protein detected on the blots are shown above the panels. HAhrf-1 from vAcHAhrf-1- and wt AcMNPV-infected Sf21 cells
harvested at 12 h or at 6, 12, and 24 h served as positive controls for HA hrf-1 and p39 blots, respectively. (C) Western blots of Sf21 and Ld652Y cells infected
with AcMNPV bearing HA-tagged D71A mutant hrf-1 probed with HA- or p39-antibodies. Sf21 cells infected with vAcHAhrf-1 harvested at 12 and 24 h p.i.
were used as positive controls for the blots. The panel is labeled in the same manner as panel B.
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synthesis, relative to mutant D87A, which did. Therefore,
the effect of increasing mutant hrf-1 protein expression was
investigated. To over-express the mutant proteins, the
AcMNPV p6.9 promoter was placed behind the hrf-1
promoter to create a dual early and late promoter to drive
mutant hrf-1 expression in recombinant AcMNPV (Fig.
1D). The addition of the p6.9 promoter increased the levels
of all mutant hrf-1 proteins in infected Ld652Y cells (Fig.
6D, HA). However, over-expressing mutant hrf-1 did not
greatly increase expression of either gp64 or p39. Although
mutant hrf-1 expression in infected-Ld652Y cells was
greater than hrf-1 expression in vAcHAhrf-1-infected
Ld652Y cells (Fig. 2A), mutants D87-88A and D87-89A
did not fully rescue AcMNPV replication. In cells infected
with viruses bearing either of these mutants, p39 synthesis
was detected on Western blots, but not until 48 h p.i. and at
very low levels, particularly for mutant D87-89A (Fig. 6D,
lanes 13 and 19).
Mutation of acidic residues outside of this highly acidic
domain between residues 79 and 98 had various effects. A
D71A mutation immediately upstream of the acidic region
reduced the ability of hrf-1 to rescue protein synthesis (Fig.
5C). In contrast, mutations E118A and E126A downstream
of the highly acidic region had no noticeable effect on the
ability of hrf-1 to rescue translation arrest or AcMNPV
replication in Ld652Y cells (data not shown).Discussion
The LdMNPV hrf-1 gene enables AcMNPV to replicate
in the non-permissive gypsy moth cell line, Ld652Y, and
prevents global translation arrest. Because the predicted
sequence of the hrf-1 protein provides no clues to its
function, a functional analysis of the protein was
performed. A strong correlation between transcription of
the hrf-1 gene and persistence of the hrf-1 protein in
recombinant AcMNPV-infected Ld652Y cells (Fig. 2A,
Fig. 3B) suggested that the hrf-1 protein turns over rapidly.
The reason for its instability is not clear, but it appears to
be cell-line dependent (Fig. 2A, compare Sf and Ld). One
possibility is that when hrf-1 rescues AcMNPV replication
in Ld652Y cells the hrf-1 protein is destroyed or depleted.
There was an increase in F2-truncated hrf-1 transcripts
relative to full-length hrf-1 early in infection suggesting
that the 3V-end of the hrf-1 coding sequence may be
important for regulating transcription or stabilizing tran-
scripts (Fig. 3B).
The ability of hrf-1 to support AcMNPV replication in
Ld652Y cells was abolished by truncating the protein either
from the carboxyl- or amino-terminus (Figs. 3A and C).
Disrupting predicted helical domains by inserting pairs of
amino acids (Ser-Ala) within the carboxyl-terminal half of
the protein also prevented rescue of AcMNPV replication,
as did an insert adjacent to a cysteine residue, C102 (Fig. 4,
Fig. 6. Mutations in the hrf-1 acidic domain reduce the ability of hrf-1 to rescue AcMNPV replication in Ld652Y cells. (A) Schematic showing the Aspartic
acid to Alanine mutations in the hrf-1 acidic domain between residues 79–98. The mutated aspartic acid residues in the hrf-1 are underlined and each of the
alanine substitutions shown below. (B) Electrophoretic mobility of acidic domain-mutant HAhrf-1 proteins. Ld652Y cells were infected with AcMNPV bearing
HAhrf-1 or mutated HAhrf-1, and collected at 6 hr postinfection. Proteins were separated on a 12.5% gel, blotted, and probed with antibodies against the HA
epitope tag. Molecular masses in kDa are indicated to the left. Estimated molecular masses from the mobilities are: HAhrf-1, 28.3 kDa; D87A, 27.3 kDa; D87-
88A, 27.1 kDa; D87-89A, 26.1 kDa; D90A, 27.4 kDa. (C) Western blots showing expression of mutated hrf-1, gp64, and p39 in Ld652Y cells infected with
recombinant AcMNPV bearing acidic domain mutated hrf-1 over time. The antibodies used a probes are shown to the left of the panels, and the time points and
mutations are indicated above the panels. (D) Ld652Y cells infected with AcMNPV bearing hrf-1 acidic domain mutations expressed from a hybrid p6.9/hrf-1
promoter. Western blots are labeled in the same manner as in panel C. The mutants are designated bLpQ for late promoter.
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alanine reduced the ability of hrf-1 to rescue translation
(Fig. 4C). From these results, it is not possible to determine
if any of the domains that were deleted or altered have
specific roles in hrf-1 function. However, because each of
these mutations is expected to alter protein structure, it is
likely that hrf-1 function is highly dependent on its
structure. Interestingly, the only insertion mutant protein
that accumulated in Sf21 cells was In162, the only mutation
that did not disrupt a predicted helical region or alter a
cysteine position (Fig. 4B). The importance of hrf-1
structure is most notable for the carboxyl-terminal domain
where both a deletion of 30 amino acids (Fig. 3) and an
insertion in a helical region 12 residues from the carboxyl-
terminus (Fig. 4, Table 1) abolished the ability of hrf-1 to
rescue AcMNPV replication. It is possible that hrf-1 is
stabilized by interaction with other proteins or functions in a
complex that is unable to form when the hrf-1 protein
structure is altered.
In a similar manner, when the coding sequence of the
OpMNPV hrf-1 protein was substituted for the LdMNPVhrf-1 amino terminus the resulting chimeric Op/Ldhrf-1 did
not support AcMNPV replication in Ld652Y cells (Fig. 5,
Table 1), indicating that the amino-terminus of LdMNPV
hrf-1 was important for its function and/or structure. These
experiments also support the idea that the amino-terminus of
hrf-1 is important for protein stability. The chimeric Op/
Ldhrf-1 protein appears to be less stable than LdMNPV hrf-
1. In contrast to LdMNPV hrf-1, which was detected at
similar levels 12, 24, and 48 h p.i. in infected Sf21 cells, Op/
Ldhrf-1 protein levels declined after reaching maximum
levels at 12 h p.i. (Fig. 2A; Fig. 5B). In Ld652Y cells,
LdMNPV hrf-1 reached maximal levels at 12 h p.i., whereas
Op/Ldhrf-1 accumulation was maximal at 6 h p.i before
declining (Fig. 2A; Fig. 5B). In the Ld652Y cells, the failure
of Op/Ldhrf-1 to rescue translation arrest may also contrib-
ute to the reduced levels of Op/Ldhrf-1 accumulation.
The predicted hrf-1 protein is highly charged overall
containing 20 and 15 molar percentages of acidic and basic
amino acid residues, respectively, with a notable acidic
region, between residues 79 and 98. The highly acidic
domain is important for hrf-1 function. The effects of single
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position, a mutation at position 87 had little effect while a
mutation at position 90 significantly reduced the accumu-
lation of p39 (Fig. 6C). When two or three adjacent aspartic
acids within this domain were replaced with alanine residues
synthesis of the AcMNPV p39 protein could not be
detected, indicating that translation arrested. Dramatically
increasing the levels of mutant hrf-1 protein synthesized in
the cells had a minimal effect on their ability to support
AcMNPV replication as measured by synthesis of viral
structural proteins. This suggested that the mutant hrf-1
functioned poorly but its lack of activity could be partially
compensated by increasing its cellular concentration. These
results indicate that the acidic domain has a functional role
in hrf-1 activity. How the acidic domain, or other charged
residues, contributes to hrf-1 function remains to be
determined.
The hrf-1 homolog encoded by OpMNPV is not func-
tionally equivalent to LdMNPV hrf-1. AcMNPV bearing
either Ophrf-1 or an Op/Ldhrf-1 chimera was unable to
replicate in Ld652Y cells. The similarities between the
OpMNPV and LdMNPV proteins are greatest up to amino
acid residue 50 (Fig. 5A). Thus, it is possible that a chimeric
hrf-1 comprising a smaller portion of Ophrf-1 might support
AcMNPV replication in Ld652Y cells and that the region of
low similarity between amino acid residues 51 and 78, is
important for hrf-1 function. For example, p39 synthesis is
greatly reduced in Ld652Y cells infected with AcMNPV
bearing D71A mutant hrf-1 (Fig. 5C, lanes 13–15, compare
expression in Sf21 and Ld652Y cells). Both Ldhrf-1 and
Ophrf-1 have charged amino acid residues at this position.
However, Ldhrf-1 has a negatively charged aspartic acid
residue, whereas Ophrf-1 has a positively charged residue,
lysine.
Among the approximately two dozen baculovirus
genomes that have been completely sequenced, to date,
only OpMNPV encodes a hrf-1 homologue. Ophrf-1 does
not function in the same manner as LdMNPV hrf-1 in that it
does not rescue translation arrest or support AcMNPV
replication in Ld652Y cells. However, because OpMNPV
also replicates in Ld652Y cells, we cannot rule out a role for
Ophrf-1 in supporting OpMNPV replication in this cell line.
The presence of hrf-1 in only two baculoviruses raises the
question of the origin of this gene. Is it an ancient
baculovirus gene that has been lost overtime, perhaps as
new genes were acquired to serve the same function? Was it
acquired from an insect host and adapted for virus function?
Vestiges of hrf-1 were not found in analyses of either
Dipteran or Hymenopteran baculovirus genomes, hypothe-
sized to be ancestral to Lepidopteran baculoviruses (Afonso
et al., 2001; Garcia-Maruniak et al., 2004; Lauzon et al.,
2004). The viruses bearing hrf-1, LdMNPV and OpMNPV,
are not closely related (Herniou et al., 2003), but both infect
forest insects, hosts from similar habitats. These observa-
tions favor the latter hypothesis. Genome sequences for L.
dispar and O. pseudotsugata, the hosts of LdMNPV andOpMNPV, respectively, are not available. A homology
search of the recently available B. mori genome sequence
(RAMEN assemble contigs) revealed a sequence with 34%
identity to Ophrf-1, but with a high E-value (5.9). No
homologies to LdMNPV hrf-1 were found. These results are
intriguing, but not sufficient to resolve the question of the
origin of hrf-1.Materials and methods
Cell lines and viruses
Spodoptera frugiperda IPL-Sf21 (Vaughn et al., 1977)
and L. dispar IPLB-Ld652Y cells (Goodwin et al., 1978)
were grown at 27 8C in TC100 insect culture medium
supplemented with 0.26% tryptose broth and 10% fetal
bovine serum (Life Technologies, Grand Island, NY). The
parental AcMNPV used in these studies was Baculogold
(PharMingen, San Diego, CA) derived from AcMNPV
strain C6 (Ayres et al., 1994). Viruses were propagated in
Sf-21 cells. For infection studies, cell monolayers were
inoculated with BV at a moi of 10. Virus was allowed to
adsorb for 1 h. The inoculum was then removed and replace
with fresh medium. Infected Ld652Y cells were observed
microscopically for polyhedron production as a first
indication of rescue by mutant hrf-1.
Recombinant virus construction
Recombinant viruses were constructed using the
AcMNPV transfer vector pAcUW2B (Weyer et al., 1990).
The hrf-1 gene was from plasmid pBSLdPD, a Bluescript
plasmid (Stratagene) bearing a PstI/DraI fragment of
LdMNPV (NCBI accession number AF081810; nucleotides
62605-63439) comprising the hrf-1 ORF and its promoter
(Thiem et al., 1996). A BglII site was inserted in the
multiple cloning site downstream of hrf-1 in pBSLdPD by
cleaving at the HindIII site, filling in the resulting 5V-
overhanging ends with dNTPs using T4 DNA polymerase,
and inserting a BglII linker (New England Biolabs) (Lathe et
al., 1984). An influenza virus hemagglutinin (HA)-epitope
(YPYDVPDYA)-tag and a new initiator Met were added to
the amino-terminus of hrf-1 by inserting a synthetic DNA
into a unique NcoI site spanning the hrf-1 Met-initiator
codon sequence (Fig. 1). HA-encoding oligonucleotides
were made, such that only a single unique NcoI site was
maintained, at the 3V end of the HA coding sequence (Fig.
1). A pair of oligonucleotides (HAF and R, Table 2) was
synthesized and annealed to form a double-stranded HA
cassette with four-nucleotide single stranded 5V-ends
complementary to the 5V overhanging end generated by
NcoI cleavage of the plasmid (Fig. 1A). The annealed
DNAs encoding HA epitopes were ligated into the NcoI site
at the amino-terminus of hrf-1 cloned in a Bluescript vector
(pBSHAhrf-1). Escherichia coli XL-1 Blue cells were
Table 2
Oligonucleotides used to construct recombinant AcMNPV bearing modified hrf-1
Oligo Sequencea Positionb
HA F CATGTACCCATACGATGTTCCGGATTACGCTAC NA
HA R CATGGTAGCGTAATCCGGAACATCGTATGGGTA NA
Ld F1 GCCTTGACGGTGCGCTACCGGTAC Ld 62,838-62,861
Ld R1 CGTCGTAGATCTAGCAGTCGCCCTTCATG Ld 63,072-63,044
Ld R2 GAACAGCTCCTAGATCTACTTGATTTGTC Ld 63,188-63,160
Ld R3 TCCACAAGATCTAGGCGAAAACCTTCTCG Ld 63,315-63,287
Ld F2 GTCCGCCACCATGGACGTGCGCCACCGTC Ld 62,807-62,835
Ld F3 CGTGCGACCCATGGAGTGCGCGGAGGAC Ld 63,155-63,182
T7 GCCCTATAGTGAGTCGTATTAC pBluescript msc
p6.9 F GCTCAAACATCTAGATCCGTACC Ac 87,164-87,142
p6.9 R CACAATTTAAACTGCAGTTATCGT Ac 86,890-86,868
OpF AACCATGGGCATAGACGCTTGCATTTAC Op 121898-121,917
OpR TTAGGCCTTAGCTCGCGCGCTGCTCG Op 121,691-121,708
LdMutStuI GACCGCGTCGTGCCCAGGCCTGAAGAGTGGCTC Ld 62,955-62,987
In102 GTGGAGGTGTTCGTGGCTAGCTGCATGAAGGGCGAC Ld 63,027-63,055
In137 ATCAGAGACTCGCCGGCTAGCCTCGAGGCCGTGCGAC Ld 63,132-63,162
In162 CATGCGGATCGAAGAGGCTAGCGGCGAGTACGCGTGG Ld 63,206-63,236
In183 CAAGAACTGGCCTCGGCTAGCATCGAGAAGGTTTTCGCC Ld 63,270-63,302
In207 CGCGACCGGTTTTGACCTTTGCTAGCGCCGAAAATTATTTG Ld 63,337-63,371
D87A AGTGGCTCGAGTACATCGCCGACGACGACGAGG Ld 62,980-63,012
D87-88A AGTGGCTCGAGTACATCGCCGCCGACGACGAGG Ld 62,980-63,012
D87-89A AGTGGCTCGAGTACATCGCCGCCGCCGACGAGG Ld 62,980-63,012
D90A AGTGGCTCGAGTACATCGACGACGACGCCGAGG Ld 62,980-63,012
a Introduced restriction sites or nucleotide mutation are underlined.
b Positions of primers within baculovirus genome sequences accession numbers: LdMNPVAF081810, AcMNPV L22858, OpMNPV U75930.
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the presence of a BspEI restriction site within the HA
sequence (Fig. 1A). Positive clones were then sequenced to
select those with the correct orientation of the HA tag-
sequence. The HA-tagged hrf-1 constructs were cleaved
from the Bluescript vector at the XbaI and BamHI
restriction sites at located upstream of the promoters and
downstream of the hrf-1 ORF, respectively. The promoter-
HA-tagged hrf-1 cassettes were inserted into the XbaI and
BglII sites of pAcUW2B transfer vector (Fig. 1A) and co-
transfected with Baculogold DNA (Pharmingen) into Sf21
cells to generate recombinant viruses. The calcium-phos-
phate method was used for transfections (O’Reilly et al.,
1992).
HAhrf-1 truncations were made in the Bluescript
plasmids. For carboxyl-terminal deletions, new carboxyl-
termini were generated by PCR, inserting a PinAI site at the
proximal end and a BglII site at the distal end (underlined,
Table 2). These amplicons were then inserted into HAhrf-1
between PinA1 and BglII (Fig. 1A) to generate three
carboxyl-terminal truncation mutants (Fig. 1B). In each
case, the mutations introduced to generate the BglII site also
introduced a translation stop codon immediately following
the hrf-1 coding sequence. To generate amino-terminal
deletions forward primers, each containing an NcoI site (F2
and F3, Table 2) were paired with a T7 primer, specific for
Bluescript sequence downstream of the BglII site. Ampli-
cons were ligated into the NcoI (Fig. 1A) and BglII sites of
pBSHAhrf-1 displacing full-length hrf-1 (Fig. 1B). The
truncated HAhrf-1 gene cassettes were inserted into TAGA.AcMNPV bearing OpMNPV hrf-1 controlled by the IE-1
promoter was constructed using the transfer vector pAc-
P(+)IE1VTG3 (Jarvis et al., 1996). PCR-amplified Ophrf-1
(F 5V-GCTCTAGAATGTGCATAGACGCTTGC-3V; R 5V-
ATACCTCGAGACGTAGCTCGCGCGCTGC-3V) was
subcloned into pFastBacHTb (Invitrogen) and sequenced.
Ophrf-1 or His-tagged Ophrf-1 genes were then excised,
using XbaI, filling in with T4 DNA Pol, and BlnI or RsrII
and BlnI, respectively, and cloned into StuI and SpeI or
XbaI and SpeI sites of pAcP(+)IE1VT3. A synthetic
oligonucleotide (HA-5 5V-GATCTATGTACCCATAC-
GATGTTCCGGATTACGCTT-3V annealed to HA6
5VCTAGAAGCGTAATCCGGAACATCGTATGGGTAC-
ATA-3V) encoding an HA-epitope tag with BglII and XbaI
compatible ends was inserted at the amino terminus of
Ophrf-1 in pAcP(+)IEIVT3/HisOphrf-1 following cleavage
with XbaI and BamHI. HA-tagged Ophrf-1 expressed from
a hybrid promoter comprised of the AcMNPV p6.9
promoter and the LdMNPV hrf-1 promoter was constructed
by amplifying the entire hybrid promoter and the HA tag
from a pBluescript clone of HAhrf-1 controlled by the dual
promoter (Fig. 1D) using the p6.9F primer (Table 2) and a
reverse primer (5V-CCATGCCCATACTAGTGTAATCCG-
GAAC-3V) containing a SpeI site (underlined) and cloning
it into the XbaI site of pAcP(+)IEIVT3/HisOphrf-1.
Recombinant viruses were generated by cotransfecting
Sf21 cells with transfer vectors and Baculogold DNA.
A chimeric OpMNPV/LdMNPV hrf-1-bearing virus was
constructed by replacing the amino-terminus of Ldhrf-1
with Ophrf-1 in pBSHAhrf-1 (Fig. 1C). Ophrf-1 was
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restriction site at the initiator Met codon and a StuI
restriction site at the end of the Ophrf-1 coding sequence
(Table 2). A StuI site was introduced into hrf-1 at the
equivalent position in pBSHAhrf-1 by site directed muta-
genesis using primer LdMutStu (Table 2) and the GeneE-
ditor Kit (Promega). Because StuI is methylation sensitive,
mutated plasmid DNA was propagated in E. coli strain
SCS110 (Stratagene, La Jolla, CA). The amino-terminal end
of Ldhrf-1 was removed from pBSHAhrf-1 (StuI mutation)
by cleavage with NcoI and StuI and the PCR-amplified and
restricted Ophrf-1 was inserted. The amino acids at the
junction of Ophrf-1 and the carboxyl-terminal portion of
Ldhrf-1 were not altered by the StuI restriction site. The
sequence of the chimeric HA-tagged hrf-1 was confirmed
by sequencing and recombinant AcMNPV bearing chimeric
Op/Ldhrf-1 were generated as described above.
Site-specific mutations were made using the either the
GeneEditor (Promega, Madison, WI) using Bluescript
clones as the template or PCR-Script (Stratagene, La Jolla,
CA) using pAcUW2B clones as the template, following the
manufacturer’s instructions. Mutagenic primers were
designed to introduce restriction sites, which were used to
screen plasmids for successfully introduced mutations
(Table 2). Mutated HAhrf-1 constructs in Bluescript were
transferred to pAcUW2B, as described above, and used to
generate recombinant AcMNPV.
To construct HA-tagged hrf-1 and hrf-1 mutants con-
trolled by the late p6.9 promoter PCR primers were
designed so that the forward primer included an XbaI site
(p6.9F, Table 2) and the reverse primer included a PstI site
(p6.9R, Table 2). The promoter region was amplified by
PCR using AcMNPV DNA as a template. The p6.9
promoter was placed in tandem with the hrf-1 promoter
by ligating the PCR amplicon from primer p6.9F and p6.9R
into the PstI and XbaI sites of pBSHAhrf-1. This construct
was inserted into pAcUW2B and used to generate recombi-
nant virus.
Western blot analysis
Infected Sf21 or Ld652Y cells were harvested at
various times p.i. and lysed in NP-40 lysis buffer (1%
NP40, 150 mM NaCl, 50 mM Tris–HCl pH 8.0). Lysates
were mixed with SDS-sample buffer (125 mM Tris–HCl
pH 6.8, 4% SDS, 10% 2-mercaptoethanol, 20% glycerol,
and 0.002% bromophenol Blue), resolved on 10% or
12.5% SDS-PAGE gels, and electrophoretically transferred
to Immobilon P membranes (Millipore). Lysates from
equal numbers of cells, approximately 2  105, were
loaded in each lane. Membranes were probed with
monoclonal antibodies 1: 1000 diluted anti-HA (Covance,
Princeton, NJ), 1: 3000 diluted anti-GP64 (provided by L.
Volkman) or 1: 5000 diluted anti-P39 antibodies (provided
by G. Rohrmann) as primary antibodies, and 1:5000
diluted HRP-conjugated anti-mouse IgG (Sigma/Aldrich,St. Louis, MO) as a secondary antibody. Immunoreactions
were performed at 48C overnight. Positive bands were
visualized using an ECL chemiluminescence kit (Amer-
sham) with exposure to Biomax MR film (Kodak,
Rochester, NY).
Northern blot analysis
For Northern Blot analysis, 5  106 Ld652Y cells were
seeded on 100-mm plates, infected at a multiplicity of
infection (moi) of 10, and harvested at different times post
infection by centrifugation (1000  g, 10 min). Total RNA
was isolated using TRI-Reagent following the manufactur-
er’s protocol (Molecular Research Center, Inc., Cincinnati,
OH). RNA, 10 Ag/lane, was resolved on 1.2% form-
aldehyde-agarose gels using standard protocols and trans-
ferred to Zetaprobe membranes (Biorad, Richmond, CA).
To prepare probes, the hrf-1 gene was PCR-amplified from
pBSHAhrf-1 using T3 and T7 primers and the product
cleaned using a PCR purification Kit (Qiagen, Valencia,
CA). The PCR product was used as a template to
incorporate a-[32P]-dCTP [3000 Ci/mMol] (NEN/Dupont)
using random hexamer priming and E. coli DNA polymer-
ase I, Klenow fragment (Invitrogen, Carlsbad, CA). The
blots were hybridized at 65 8C and washed following the
BioRad protocols for ZetaProbe membranes. Transcripts
hybridizing to the hrf-1 probe were visualized by exposure
to X-Omat film (Kodak, Rochester, NY). Sizes were
estimated by band migration relative to a stained RNA
ladder (Invitrogen).
Isotopic-labeling of proteins
Proteins were labeled by incorporation of [35S]-methio-
nine and [35S]-cysteine using EXPRE35S35S labeling mix,
N1000 Ci/mM (Dupont/NEN, Boston, MA). Cells were
seeded in 35-mm culture plates at 1  106 cells per plate in
TC100 media supplemented with 10% fetal bovine serum.
At three different labeling periods, 0–4, 8–12, and 24–28 h
p.i., the media was replaced with methionine-minus-TC100
media containing 50 ACi labeled amino acids per ml.
Detached cells were recovered from tissue culture media at
labeling times by centrifugation at 1500  g and returned to
the plates. Cells were incubated at 27 8C until harvested.
Cell lysates from equal numbers of cells were loaded in each
lane and proteins resolved on 10% SDS-PAGE gels prior to
autoradiography.Acknowledgments
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